Outbred male Sprague-Dawley rats can be classified as either low or high cocaine responders (LCRs or HCRs, respectively) based on their locomotor response to acute cocaine. Concomitant measurement of dopamine clearance in these rats revealed that the differential behavioral responses are associated with the magnitude of dopamine transporter (DAT) inhibition by cocaine. Here, we investigated several factors that might contribute to cocaine-induced behavioral variability and its association with differential inhibition of DAT function. In rats classified as LCRs or HCRs after 10 mg/kg cocaine injection, we found no differences in (1) novelty-induced locomotion, (2) cocaine levels in dorsal striatum or nucleus accumbens (NAc), (3) DAT number or affinity in NAc, or (4) DAT affinity for cocaine in NAc. In rats given 20 mg/kg cocaine, behavior was more uniform across individuals, but still warranted separation into LCR/HCR categories. Additionally, we analyzed the stability of the LCR/HCR classification made during the first test with 10 or 20 mg/kg cocaine by retesting rats 7 days later with saline or cocaine (10 or 20 mg/kg). Before injection, HCRs were more active relative to LCRs and to their own behavior on the first test day. Following cocaine, LCRs and HCRs exhibited similar drug-induced changes in locomotion, but there were unique effects that depended on the cocaine dose given on the first and second test days. Our results argue against several likely explanations for individual differences in cocaine-induced behavior and highlight the influence of a single cocaine exposure on subsequent behavioral responses to the drug.
INTRODUCTION
Psychomotor stimulants, such as amphetamine and cocaine, produce behavioral effects that are characterized by significant variability among individuals (Segal and Schuckit, 1983; de Wit et al, 1986; Piazza and Le Moal, 1996) . In rodents, this variability is seen in rats self-administering these drugs (Piazza et al, , 2000 DeSousa et al, 2000) and in those injected either acutely (Segal and Kuczenski, 1987; Deminiere et al, 1989; Hooks et al, 1991b; Sabeti et al, 2002) or repeatedly (Post et al, 1988; Piazza et al, 1989; Hooks et al, 1991a; Sabeti et al, 2003) . Indeed, up to half the rats in a sensitization paradigm utilizing repeated cocaine or amphetamine treatment fail to exhibit augmented locomotor responses following drug challenge (Segal and Kuczenski, 1987; Camp and Robinson, 1988; Mayfield et al, 1992; Pierce et al, 1996) . A rat's response to a novel environment can be an important predictor of its response to psychostimulant drugs Hooks et al, 1991b; Bardo et al, 1996) . Multiple studies suggest that nigrostriatal and mesolimbic dopamine (DA) systems terminating in the dorsal striatum (dSTR) and nucleus accumbens (NAc), respectively, are relatively overactive in high responders to novelty (HRs) compared to low responders (LRs; Bradberry et al, 1991; Piazza et al, 1991b; Hooks et al, 1994; Marinelli and White, 2000) . For example, a recent study utilizing nonet-flux microdialysis demonstrated that, compared to LRs, HRs exhibit greater locomotor sensitization after repeated injections with 20 mg/kg cocaine and have both reduced basal DA uptake and greater cocaine-induced inhibition of uptake in the NAc (Chefer et al, 2003) .
Another indicator of individual differences in psychostimulant drug response is the magnitude of an animal's behavioral response to the initial drug exposure (Segal and Schuckit, 1983) . Recently, our laboratory found that outbred male Sprague-Dawley rats can be classified as either low or high cocaine responders (LCRs or HCRs, respectively) based on their locomotor response to a single, low dose of cocaine (10 mg/kg, i.p.; Sabeti et al, 2002) . Specifically, those animals with activity scores below the distribution median were defined as LCRs, while those with scores above it were HCRs. Individual differences in the behavioral response to cocaine may be due to a number of underlying mechanisms (Robinson, 1988) . However, by simultaneously measuring behavior and exogenous DA clearance, we showed that variation in the function of one of cocaine's primary cellular targetsFthe dopamine transporter (DAT)Fplays a significant role (Sabeti et al, 2002) . In contrast to minimal differences in baseline DAT function in LCRs and HCRs, 10 mg/kg cocaine reduced DA clearance only in the NAc of HCRs. Furthermore, over successive treatment days with cocaine, locomotor sensitization developed in LCRs and was associated with an increased ability of cocaine to inhibit DA clearance (Sabeti et al, 2003) . In HCRs, there was no evidence of locomotor sensitization and this was paralleled by a lack of change in cocaine-induced inhibition of DAT function.
In the present study, we further investigated these individual differences in cocaine-induced behavior. First, we extended our original observations (Sabeti et al, 2002 (Sabeti et al, , 2003 by characterizing the acute behavioral responses of a large sample of outbred male Sprague-Dawley rats to 10 mg/kg cocaine and also testing the extent to which a higher, acute dose of cocaine (20 mg/kg) could be used to classify rats as LCRs and HCRs. We next tested the hypothesis that differential locomotor activation in LCRs, compared to HCRs, is due to disparities in cocaine pharmacokinetics by measuring levels of cocaine in dSTR and NAc. A putative mechanism underlying the relationship between DAT function and cocaine-induced locomotor activation was evaluated by testing for differences in the number and/or affinity of DAT binding sites or their affinity for cocaine in the NAc of LCRs vs HCRs. Lastly, our previous studies indicated that repeated cocaine treatment results in locomotor sensitization in LCRs, but not HCRs (Sabeti et al, 2003) . However, it was unclear if, in the absence of repeated treatment, the differences in locomotor activation between LCRs and HCRs observed with acute cocaine persist. Furthermore, it was not known if LCRs and HCRs would have proportional increases in behavior if given a higher dose of cocaine. To address these questions, we analyzed behavior in LCRs and HCRs induced by an injection of saline or cocaine (10 or 20 mg/ kg) 7 days after the initial exposure to 10 or 20 mg/kg cocaine.
MATERIALS AND METHODS

Animals
Outbred, male Sprague-Dawley rats (2-4 months of age) were obtained from Charles Rivers Laboratory (Sasco, Omaha, NE) and housed up to three per cage with a 12-h light/dark cycle and unrestricted access to food and water. Rats were brought to the laboratory on the day of the initial behavioral characterization, individually housed, and allowed to habituate to the environment for 1-4 h before testing. All animal use procedures were in accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at the University of Colorado Health Sciences Center.
Initial Behavioral Characterization
Rats were placed in an open-field activity apparatus consisting of a clear acrylic box (16 Â 16 Â 15 in) fitted with a photo beam frame (eight beams per dimension; San Diego Instruments, San Diego, CA). The apparatus was located within a sound-attenuating cubicle (2 Â 2 Â 2 ft) that contained a ceiling-mounted white light (4 W) and a door with a Plexiglas window. After a 1.5-h habituation period, rats were removed from the apparatus, injected (i.p.) with 10 or 20 mg/kg (À)cocaine HCl (n ¼ 92 and 20, respectively), and returned to the apparatus for 1 h.
Throughout the test session, locomotor behavior was recorded as consecutive, horizontal photo beam breaks and subsequently converted by computer to distance traveled (cm) per 1-min interval. Rats with activity scores during the 30 min after cocaine injection that fell below the distribution median were defined as LCRs, while those with scores above the median were defined as HCRs. In addition to locomotor activity, the behavior of some rats (behavior retest group; see below) was scored by an observer who viewed the test session as it occurred or on videotape. Observers, who were unaware whether rats were characterized as LCRs or HCRs, scored behavior in 60-s intervals for the 30 min before and 1 h after injection using the following categories: 'nonmovement,' defined as inactivity or sleeping; 'grooming,' defined as movements directed against self that typically include forepaw movements over the body, scratching, licking, body gnawing, and face washing; 'head movement/sniffing,' defined as movements of the head and/ or sniffing that occurred in the presence of discrete upper or lower body movements but in the absence of locomotion; 'exploring,' defined as locomotion around the activity chamber that was continuous or occurred in repeated bouts and typically includes head movements and sniffing; 'stereotypy,' defined as repetitive head movements and sniffing, head bobs, and/or side-to-side head sways that were directed at the environment and were confined to a small area of the chamber; and 'rearing,' defined as the lifting of both forepaws off the floor with posture maintained on the hind legs. With the exception of rearing, behaviors were scored on a binary scale (0 ¼ absent; 1 ¼ present), with those expressed for at least 10 consecutive seconds of a 60-s interval scored as present (Fray et al, 1980; Sabeti et al, 2002) . In cases where no single behavior persisted for 10 s, the behavior expressed during the majority of the 60-s interval was considered present.
At the conclusion of the test session, rats were returned to their home cage where they were allowed unrestricted access to food and water. They remained in the experimental test room for 7 additional days, during which time they were maintained on a 12-h light/dark cycle. A total of 7 days were allowed to elapse between the initial behavioral characterization and subsequent experiments in order to minimize the influence of any residual drug effects. On day 8, rats initially characterized with 10 mg/kg cocaine were pseudorandomly chosen for radioligand binding or behavior retest experiments (see below), while all rats initially characterized with 20 mg/kg were used in behavior retest experiments.
High-performance Liquid Chromatography (HPLC)
In a separate group of rats (n ¼ 26), we measured brain levels of cocaine using reverse-phase HPLC coupled with ultraviolet detection (Benuck et al, 1987; . These rats underwent the same procedure for behavioral testing as described above, except they were removed from the activity apparatus 30 min after i.p. injection with 10 mg/kg cocaine. They were killed by decapitation between 30 and 31 min postinjection, their brains were rapidly removed, and the dSTR and NAc from both sides of the brain were dissected in an ice bath using a vibratome and manual dissection. Brain tissue was weighed (mean 7 SEM for dSTR: 49.2 7 1.50 mg; NAc: 33.6 7 1.48 mg) and frozen (À801C) for up to 1 week. For analysis, tissue was sonicated in 300 ml acetonitrile and 20 ml of the internal standard cocaine propyl ester-HCl (CPE; 30 ng/ml). Following centrifugation, the supernatant was mixed with 350 ml of chloroform : ethanol (4 : 1) and 50 ml 0.1 M NaHCO 3 and recentrifuged. The lower organic layer was dried, 200 ml of mobile phase (0.1 M KH 2 PO 4 buffer, pH ¼ 2.7, and 40% acetonitrile) was added, and 100 ml of the resulting solution was injected into the HPLC system where separation was accomplished using a Keystone-Hypersil ODS 3 mm particle column (100 mm Â 4.6 mm) at room temperature. The flow rate was 1.7 ml/min and absorbance was monitored at 235 nm.
Radioligand Binding
The number and affinity of DAT binding sites and the affinity of DAT for cocaine were assessed in NAc membranes using indirect [ 3 H]WIN 35,428 saturation and cocaine competition binding assays, respectively (modified from Hebert et al, 1999) . At 7 days after their initial behavioral characterization with 10 mg/kg cocaine, rats (n ¼ 33) were decapitated and two, 1-mm thick NAc sections (+1.74 to À0.26 mm around bregma) were isolated, placed in 1 ml of ice-cold assay buffer (30 mM NaH 2 PO 4 , 15 mM Na 2 HPO 4 , and 0.32 M sucrose; pH 7.4), and homogenized for 20 s. For the indirect saturation studies, samples were centrifuged (20 000g for 20 min at 41C) to obtain a pellet, which was resuspended, rehomogenized, and then incubated on ice in duplicate samples for 1 h with 5 nM [ Total and nonspecific binding was defined in the absence or presence of 30 mM benztropine mesylate, respectively. Incubation was terminated via rapid vacuum filtration through GF/B filters (Brandel, Gaithersburg, MD) followed by two, 3-ml washes with ice-cold assay buffer. Radioactivity was quantified 24-48 h later by liquid scintillation spectroscopy. Protein content was determined (Bradford, 1976) using bovine serum albumin as the standard. For the cocaine competition assays, we used procedures identical to those described above, except 10 increasing concentrations of cocaine were substituted for unlabeled WIN 35,428 (range ¼ 3-100 nM).
Behavior Retest
Rats in the behavior retest group were placed back into the activity apparatus on day 8 at approximately the same time of day as on day 1. As on test day 1, they were allowed to habituate for 1.5 h before they were given an injection. Rats given 10 mg/kg cocaine on day 1 were injected (i.p.) with either saline or cocaine (10 or 20 mg/kg) and those given 20 mg/kg cocaine on day 1 were injected (i.p.) with 20 mg/kg cocaine. Behavior was monitored for an additional 1 h using both automated and observational methods (see above).
Statistical Analysis
Unless otherwise noted, data are presented as mean 7 SEM. Locomotor activity scores were averaged into 15-min bins. Rearing was tabulated as the total number of occurrences during a 60-s interval and summed into 15-min bins. Incidence scores for the remaining behavioral observation categories were summed into 15-min bins and transformed into a frequency score by dividing the cumulative score by 15. Differences between groups (ie LCRs and HCRs) were analyzed using a mixed, two-factor ANOVA (group Â time, with time as the repeated measure) followed by pairwise comparisons of specific time points using the Holm-Sidak method (SigmaStat 3.0; SPSS, Inc., Chicago, IL). For comparisons between the first and second behavioral test days, locomotor and observational data were averaged into 30-or 60-min bins and analyzed using either paired t-tests or repeated measures ANOVA followed by Holm-Sidak post hoc tests.
HPLC data were analyzed using two-factor ANOVA (group Â brain region) to evaluate overall differences and linear regression to evaluate the relationship between cocaine levels and locomotor activation. Radioligand binding data were analyzed with nonlinear curve fitting for one-or two-site binding models to obtain IC 50 and K i values (GraphPad Prism, GraphPad Software, Inc., San Diego, CA). B max values were derived using the formula described by DeBlasi et al (1989) . Differences in specific binding of [ 3 H]WIN 35,428 were analyzed by two-way ANOVA (group Â drug concentration), while differences in K i and B max were analyzed with Student's t-test.
Materials
Chemicals were purchased from Sigma (St Louis, MO) or Fisher (Pittsburgh, PA), with the following exceptions: [ injection (Sabeti et al, 2002) . In the relatively large sample studied here (n ¼ 92), we found similar results: a narrow distribution of baseline locomotor activity ( Figure 1a ) and a broad distribution of locomotor activation after 10 mg/kg cocaine ( Figure 1b ). During the 30 min before and after injection with this dose, the mean ( 7 SD) locomotor activity was 2035 7 2068 and 9523 7 4637 cm, respectively. When the distribution was divided using the postinjection median score of 9227 cm/30 min, the mean ( 7 SD) values for LCRs and HCRs before injection were 1991 7 2039 and 2080 7 2118 cm/30 min, respectively. After injection, LCRs increased locomotion to 5544 7 2274 cm/30 min, while HCRs increased to 13 501 7 2441 cm/30 min. Splitting the distribution into LCRs and HCRs was supported by multiple component analysis of locomotor activity during the 30 min following injection, which confirmed the existence of two components (LCR proportion ¼ 49%; HCR proportion ¼ 51%; po0.01, NOCOM analysis; Ott, 1979; Sabeti et al, 2002) .
While the locomotor behavior of LCRs and HCRs was not different during the habituation period, 10 mg/kg cocaine increased locomotion in both groups ( Figure 1c ). There were significant main effects of group and time (F 1,90 ¼ 61.3, po0.001 and F 9,810 ¼ 309.0, po0.001, respectively) and a significant group Â time interaction (F 9,810 ¼ 28.6, po0.001). Furthermore, observational analysis of behavior indicated several notable differences between LCRs and HCRs in the behavior induced by 10 mg/kg cocaine ( Figure 2 ). Compared to the 30-min period before injection (ie baseline), LCRs spent more time after cocaine in periods of nonmovement and head movement/sniffing than HCRs (Figure 2a and b) , which engaged more in exploring and rearing behaviors (Figure 2c and d) . Neither group exhibited increases in grooming or stereotypy (data not shown).
Since locomotor response to a novel environment has been shown to be predictive of subsequent psychostimulant self-administration and behavioral sensitization Hooks et al, 1991b; Bardo et al, 1996) , we recharacterized our rats as having either a low or high locomotor response to novelty (LR or HR, respectively) based on their activity during the first 30 min spent in the open-field apparatus. Those rats with scores below the median of 13 674 cm/30 min were considered to be LRs and those above the median were HRs. Following 10 mg/kg cocaine, locomotor behavior was increased significantly in both groups (Figure 1d ). For the 30-min period following injection, the mean ( 7 SD) distance traveled in LRs and HRs was 8983 7 4795 and 10 060 7 4461 cm, respectively. With the exception of the 15-min period immediately following injection, there were no differences in cocaineinduced activity when rats were separated into LRs and HRs.
Figure 1 Individual differences in the locomotor activity of outbred, male Sprague-Dawley rats before and after injection of 10 mg/kg cocaine on test day 1. Animals were placed in a locomotor activity apparatus for 90 min, injected with cocaine, and returned to the apparatus for 60 min. Frequency distributions of cumulative locomotor activity for the 30 min before and after drug injection are shown in (a) and (b), respectively. Most rats were relatively inactive before injection, whereas cocaine led to a wide distribution of locomotor responses. Rats with cocaine-induced activity scores below the median (9227 cm/30 min; dotted line in b) were considered LCRs and those with scores above it were HCRs. The mean 7 SEM locomotor responses of LCRs and HCRs over the course of the experiment are shown in (c) (n ¼ 46/group; arrow ¼ time of injection). *po0.05, within-group comparison to the 15-min period before injection; # po0.05, compared to LCRs in the same 15-min interval. (d) When rats were recharacterized as having either a low or high novelty response during the first 30 min of their exposure to the open-field chamber (LR or HR, respectively), there were significant differences in cocaine-induced locomotor activity only during the 15-min period following drug injection. *po0.05, within-group comparison to the 15-min period before injection; # po0.05, compared to LRs in the same 15-min interval.
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In a separate group of rats (n ¼ 20), we tested whether a higher dose of cocaine would also lead to a broad distribution of locomotor activation. Relative to the effects of 10 mg/kg cocaine, the frequency distribution of locomotor scores before injection was similar, but after 20 mg/kg cocaine the distribution was shifted to the right (Figure 3a and b). During the 30 min before and after injection with 20 mg/kg cocaine, the mean ( 7 SD) locomotor activity was 2324 7 1829 and 13 090 7 4182 cm, respectively. Dividing the postinjection distribution using the median score of 12 450 cm/30 min resulted in LCRs and HCRs with mean ( 7 SD) activity scores before injection of 2082 7 2163 and 2565 7 1501 cm/30 min, respectively. After injection, LCRs and HCRs increased locomotor activity to 10 140 7 4182 and 16 040 7 3811 cm/30 min, respectively. Although multiple component analysis (NOCOM) of the 30 min postinjection period did not indicate a twocomponent model, ANOVA revealed significant main effects of group and time (F 1,18 ¼ 14.7, po0.001 and F 9,162 ¼ 79.6, po0.001, respectively) and a significant group Â time interaction (F 9,162 ¼ 3.61, po0.001). In addition, observational measures of behavior suggested that some of the distinctions between LCRs and HCRs that were observed after 10 mg/kg cocaine were also present after the 20 mg/kg dose. For example, HCRs exhibited more exploring and rearing than LCRs (Figure 4c and d) , although differences were only statistically significant during one 15-min interval. In contrast to the effects of 10 mg/kg cocaine, there were no longer differences between LCRs and HCRs in nonmovement periods or in head movement/sniffing (Figure 4a and b) . Furthermore, the higher dose of cocaine increased stereotypy in both groups (Figure 4c ). Neither group had changes in grooming behavior (data not shown).
Unlike HCRs classified with 10 mg/kg cocaine, HCRs classified with 20 mg/kg cocaine had a greater response to the novel environment during the first 15 min they were in the open-field apparatus (Figure 3c ). During this time period, HCRs traveled a total of 10 028 7 1445 cm, whereas LCRs traveled a total of 8493 7 1859 cm. However, when rats were recharacterized as LRs and HRs based on their locomotor behavior during the first 30 min in the activity chamber, there was no difference in locomotor activation induced by 20 mg/kg cocaine (Figure 3d ).
Brain Levels of Cocaine
To investigate the hypothesis that differences in brain levels of cocaine mediate the behavioral differences observed between LCRs and HCRs, we tested a separate group of rats in the open-field apparatus. These rats were killed 30 min after injection with 10 mg/kg cocaine so that drug levels in the dSTR and NAc could be determined at the time of maximal activation. In these rats, the median locomotor activity after cocaine was 8418 cm/30 min, with values (mean 7 SD) for LCRs and HCRs of 5554 7 1601 and 12 740 7 3048, respectively. As shown in Table 1 , the concentration of cocaine in the dSTR was significantly higher by 8-12% than that measured in NAc. Although similar, small differences within each brain region were observed between LCRs and HCRs, these were not statistically significant. Analysis of the relationship between brain levels of cocaine and each rat's Figure 2 Observational analysis of behavior on test day 1 revealed unique effects of 10 mg/kg cocaine in LCRs compared to HCRs (characterized in Figure 1 ). The 15-min intervals before (B1 and B2) and after (1-4) drug injection are shown. With the exception of rearing, data are presented as the fraction of the 15-min interval that rats were engaged in the behavior specified (see Materials and methods). A value of 1.0, for example, would indicate that the rat was engaged in the behavior during each of the 60-s scoring periods within an interval. Rearing data are the total number of rears during each 15-min interval. *po0.05, within-group comparison to B2; # po0.05, compared to HCRs in the same time interval.
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Number and Affinity of DAT binding Sites
We have previously shown that individual differences in locomotor activation after 10 mg/kg cocaine are closely related to the ability of the drug to inhibit DAT function (Sabeti et al, 2002) . One possible explanation for this finding is the existence of different numbers or affinities of DATs or affinities of DAT for cocaine in LCRs, compared to HCRs. To test this hypothesis, we constructed [ 3 H]WIN 35,428 saturation and cocaine competition binding curves using NAc membranes from LCRs and HCRs 7 days after their initial behavioral characterization with 10 mg/kg cocaine. This analysis, which supported a single-site binding model, indicated no statistically significant group differences in the number or affinity of DAT binding sites or in DAT affinity for cocaine (Table 2 ).
Behavioral ReTest
In order to determine the stability of our initial behavioral classification, rats were retested 7 days after their initial 10 or 20 mg/kg cocaine treatment. Animals remained in their home cage and did not undergo any drug or saline treatments between test and retest sessions. A total of 42 rats tested with 10 mg/kg cocaine on day 1 were retested on day 8, with seven each of LCRs and HCRs tested with saline or cocaine (10 or 20 mg/kg). All 20 rats given 20 mg/kg cocaine on day 1 were retested on day 8 with 20 mg/kg cocaine.
In the group of rats initially classified as LCRs or HCRs with 10 mg/kg cocaine, baseline locomotor activity for the 30 min prior to injection on day 8 was unchanged in LCRs (t 40 ¼ 0.992, p40.05) but higher in HCRs (t 40 ¼ 3.43, po0.01), compared to the same period on test day 1 (Figure 6a ). Specifically, this anticipatory locomotor response in HCRs was 230% higher than that observed on day 1. After saline (Figure 6b ), locomotor activity in both LCRs and HCRs was confined to the period just after the injection, with the animals spending the remainder of the session moving only occasionally. Not surprisingly, observational analysis revealed that following saline injection on day 8, the behavioral category with the greatest increase from cocaine-induced behavior on day 1 was nonmovement ( Figure 7a ). Scores for all other behavioral categories were decreased on day 8 after saline.
When injected with 10 mg/kg cocaine on the retest day, locomotor activation in LCRs initially characterized with this same dose was unchanged from day 1 (Figure 6c ). 
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There were also no significant shifts in behavior from one category to another (Figure 7b ). In contrast, cocaineinduced locomotor activation in HCRs was attenuated on day 8 and was not significantly different from the postinjection locomotor activity of LCRs (Figure 6c ). In parallel to this decrease in locomotor activity, HCRs also exhibited significant decreases in exploring and rearing and increases in head movement/sniffing (Figure 7b ). Compared to their activity after 10 mg/kg cocaine on day 1, both LCRs and HCRs increased locomotor activity in response to 20 mg/kg cocaine on day 8; LCRs had the greatest relative increase in locomotion (Figure 6d ). For the entire 60-min period after injection, cumulative locomotor activity in Figure 4 Observational analysis of behavior on test day 1 in LCRs and HCRs given 20 mg/kg cocaine (characterized in Figure 3 ). The 15-min intervals before (B1 and B2) and after (1-4) drug injection are shown. Behaviors were scored as in Figure 2 ; n ¼ 9 each for LCRs and HCRs (two rats from Figure 3 were not scored due to technical problems). *po0.05, within-group comparison to B2; # po0.05, compared to HCRs at the same postinjection interval. Figure 5 Relationship between cocaine-induced locomotor activity and drug concentration in dSTR (a) and NAc (b). The distance traveled refers to the total locomotor activity (cm) for the 30 min after injection of 10 mg/ kg cocaine. For each brain region, linear regression fit (F) and 95% confidence intervals (---) are shown. Statistical analysis revealed that the slope of the regression line was not significantly different from zero in dSTR (F 1,24 ¼ 3.48, p40.05), but there was a significant, albeit small, relationship in the NAc (F 1,24 ¼ 5.15, p ¼ 0.03).
LCRs increased by 98%, whereas in HCRs it increased by 32%. There was no difference between the two groups in the maximal locomotor activity induced by 20 mg/kg cocaine ( Figure 6d ). The higher retest dose produced shifts in specific behaviors: nonmovement was decreased and exploring was increased in LCRs, whereas there was a trend toward increases in stereotypy in HCRs (Figure 7c ). Rearing was increased, but not significantly, in both groups. The behavior of rats classified as LCRs or HCRs with 20 mg/kg cocaine on day 1 and retested with this same dose on day 8 is shown in Figure 8 . Baseline locomotor activity on day 8 significantly increased in HCRs initially classified with 10 mg/kg cocaine (see above); a similar trend was also observed in this group of HCRs (t 18 ¼ 1.96, p ¼ 0.08; Figure 8a ). Cocaine-induced locomotor activation was comparable in this group of LCRs and HCRs initially classified with 20 mg/kg cocaine and retested with the same dose (Figure 8b ). This similarity was due to an increase in cocaine-induced locomotion in LCRs. On day 8 compared to day 1, the cumulative locomotor activity for the 60 min following 20 mg/kg cocaine was, on average, increased by 26% in LCRs, whereas it was unchanged over time in HCRs. Observational analysis of behavior also suggested that LCRs and HCRs were similar on day 8 (Figure 8c ). This was the result of within-group shifts in behavior compared to the initial test session. For example, on day 8, LCRs tended to exhibit less head movement/sniffing and more exploring and rearing.
DISCUSSION
Our laboratory recently characterized outbred, male Sprague-Dawley rats as LCRs or HCRs based on their locomotor activity after a single, i.p. injection of 10 mg/kg cocaine (Sabeti et al, 2002 (Sabeti et al, , 2003 . Previous studies have emphasized individual differences in acute drug responses (eg Segal and Schuckit, 1983) . However, our findings highlighted the DAT as a potentially important mediator of variation in cocaineinduced behavior. Here, we investigated whether the LCR/ HCR distinction could be generalized to a higher dose of Differences in cocaine-induced locomotor activity JM Gulley et al cocaine, if the behavioral disparity we observed with 10 mg/ kg cocaine is due to differences in cocaine pharmacokinetics among rats, whether differences in number and/or affinity of DAT binding sites or affinity of DAT binding sites for cocaine could account for the behavioral differences, and if the LCR/HCR classification was stable over time.
In the large sample of male Sprague-Dawley rats studied here, we found a wide range of cocaine-induced locomotor responses. The distribution of locomotor activity for the 30 min after injection with 10 mg/kg cocaine was Gaussian in nature, with prominent bimodal characteristics. In confirmation, multiple-component statistical analysis indicated the existence of low and high response elements (LCRs: 49% weight; HCRs: 51% weight). Observational analysis indicated that LCRs were activated by this dose of cocaine, but that their behavior was largely confined to head movements and sniffing. HCRs, in contrast, exhibited cocaine-induced increases in head movements/sniffing, exploring, and rearing. In a separate group of rats given 20 mg/kg cocaine, there was also a relatively broad range of locomotor activation, but there was less disparity in the behavior of LCRs compared to HCRs. In addition, HCRs from this group exhibited more baseline activity during their first 15 min in the open-field apparatus. This is unlikely to account for the group differences in behavioral activation observed after 20 mg/kg cocaine, however, since this enhanced 'novelty' response was no Figure 7 Comparison of different behavioral categories in LCRs and HCRs on day 1 after 10 mg/kg cocaine and on day 8 after saline (a), 10 mg/ kg (b) or 20 mg/kg cocaine (c). Data are from the same rats in Figure 6 and are presented as the fraction of the 60 min after injection that rats were engaged in nonmovement (NM), head movement/sniffing (HMS), exploring (E), and stereotypy (S). The exception was rearing, which is presented as the total number of rears after injection. Behaviors were scored as in Figure 2 . *po0.05 and **po0.01, compared to test day 1 within the respective group. Figure 8 Results of behavioral retest on day 8 in rats initially classified as either LCRs or HCRs with 20 mg/kg cocaine on day 1 (see Figure 3) . (a) Cumulative locomotor activity during the 30-min baseline period on days 1 and 8 (n ¼ 10/group). Locomotor activities on days 1 and 8 (dotted and solid lines, respectively; arrow ¼ time of injection; n ¼ 10/group) and behavioral category comparisons for days 1 and 8 (n ¼ 9/group; two rats were not scored due to technical problems) are shown in (b) and (c), respectively. *po0.05, within-group comparison to the 15-min period before injection on test day 8; + po0.05, within-LCR comparison of day 1 to day 8 at the specified time interval. In (c), behaviors were scored as in Figure 2 and abbreviations are defined as in Figure 7. longer apparent during the subsequent time periods before injection.
Other groups have described similar individual differences in the behavioral responses to both amphetamine and cocaine, but these reports have focused largely on rats initially characterized as either low or high locomotor responders to a novel environment Hooks et al, 1991a; Bardo et al, 1996) . When our sample of rats was recharacterized as LRs or HRs, their locomotor responses to 10 mg/kg cocaine differed only during the 15-min period after injection and their responses to 20 mg/kg cocaine were similar. This result is consistent with several reports emphasizing that novelty responses tend not to predict acute cocaine behavioral responsiveness, but instead are more predictive of behavioral sensitization after repeated cocaine treatment Hooks et al, 1991a; Cools and Gingras, 1998 ; but see Chefer et al, 2003) . Further, it suggests that the LCR/HCR classification is distinct from one based on novelty responses and may provide another useful model for studying the mechanisms that underlie the relationship between acute and chronic drug effects.
The results of our HPLC experiments do not support differences in cocaine pharmacokinetics as an explanation for the disparate locomotor response to 10 mg/kg cocaine. We observed no statistically significant group differences in cocaine levels measured in either dSTR or NAc, although within the groups, there was significantly less cocaine (8-12%) in the NAc compared to the dSTR. This regional concentration difference is not always observed after i.p. administration of cocaine (Javaid and Davis, 1993; , and whether it impacts the behavioral effects of the drug is unclear. The tendency for HCRs to have higher cocaine levels in dSTR and NAc, compared with LCRs, is not likely to be the sole explanation for the higher degree of locomotor activation in the HCRs, since the locomotor activity of the subgroup of LCRs and HCRs used for the brain level analysis differed by more than two-fold. Furthermore, cocaine levels in dSTR and locomotor activity were not significantly correlated (Figure 3 ). There was a statistically significant relationship between NAc cocaine levels and activity, but it accounted for only B18% of the variability and, thus, is not likely to explain the large individual variation in cocaine-induced behavior. Our findings are consistent with those showing no difference in brain cocaine levels between LRs and HRs, despite their dissimilar i.v. cocaine self-administration behavior (Piazza et al, 2000) . Likewise, inbred mice strains differ significantly in cocaine-induced locomotor activity, but not in brain cocaine levels (Ruth et al, 1988) .
Variation in the basal number and/or affinity of DAT binding sites could explain differences in cocaine-induced locomotor activity between LCRs and HCRs. In fact, both number of DAT binding sites and DAT affinity for [ (Chefer et al, 2003) . However, in the radioligand binding studies described here, we found no significant differences between LCRs and HCRs in the number or affinity of DAT binding sites in NAc. Furthermore, the affinity of DAT for cocaine was also not different. It is important to note that these experiments were conducted with crude membranes and therefore reflect the total cellular content of DAT in NAc. They do not differentiate nonfunctional and functional populations of DAT located intracellularly and at the neuronal membrane, respectively. The possibility that cocaine induces rapid changes in DAT cell surface expression via trafficking and that these changes vary in LCRs compared to HCRs may contribute to the behavioral differences observed between the two groups. Interestingly, recent reports suggest that in vitro exposure to cocaine rapidly increases DAT function via increases in cell-surface expression of DAT (Daws et al, 2002; Little et al, 2002) . If there were differences in basal trafficking of DAT in LCRs compared to HCRs, they would likely be exaggerated by exposure to cocaine. Alternatively, potential differences in DA release between LCRs and HCRs may be revealed in the presence of cocaine.
Retesting the behavior of LCRs and HCRs after 7 days had elapsed without additional treatment was designed to assess the consistency of the initial behavioral classification and to evaluate further the effects of a higher dose of cocaine. Rats initially classified as LCRs or HCRs with 10 mg/kg cocaine were thus retested on day 8 with saline or cocaine (10 or 20 mg/kg) and those initially classified with 20 mg/kg cocaine were retested on day 8 with 20 mg/kg cocaine. Before injection on day 8, HCRs exhibited increased locomotor activity, compared to the same time period on day 1. This behavior, which appeared to be related to anticipation of the injection and was not observed in LCRs, may indicate that HCRs are more responsive to conditioned drug effects. Notably, the development and expression of behavioral sensitization to psychostimulants is influenced strongly by the discriminative stimulus properties of these drugs (Hinson and Poulos, 1981; Anagnostaras and Robinson, 1996) .
After saline, locomotor activity was decreased in both LCRs and HCRs, as behavior consisted mostly of prolonged periods of nonmovement. Cocaine, in contrast, had unique effects in LCRs, compared to HCRs, depending on the dose tested. When given 10 mg/kg cocaine on day 1 and 20 mg/kg on day 8, LCRs and HCRs were activated to a similar extent by the higher dose. LCRs, however, had the greater relative increase in behavior compared to day 1. These results argue against a ceiling effect precluding the observation of cocaine-induced activity in LCRs classified on day 1 with 10 mg/kg cocaine.
When given 10 mg/kg cocaine on both days 1 and 8, neither LCRs nor HCRs increased locomotor activity relative to baseline. This change in behavior over time, which was most dramatic for HCRs and was paralleled by decreases in exploring and rearing and increases in head movement/sniffing, suggests that both LCRs and HCRs became tolerant to the locomotor activating effects of this dose. This finding was unexpected, given the reports that higher brain cocaine levels are achieved by a second i.p. injection of cocaine administered as long as 7 days later Pettit and Pettit, 1994) . Furthermore, this observation also contrasts with repeated administration of 10 mg/kg cocaine for 7 days, which induces behavioral sensitization in LCRs and a constant, high level of activity in HCRs (Sabeti et al, 2003) . When rats were given 20 mg/kg cocaine on both days 1 and 8, both LCRs and HCRs increased their behavior relative to baseline. In this case, LCRs were more responsive to the same dose on the retest day, while the behavior of HCRs was relatively unchanged over time. It appears that, at least in LCRs, a single administration of 20 mg/kg cocaine leads to an enhanced behavioral response upon retesting. The ability of a single drug exposure to produce neurochemical and/or behavioral sensitization following at least 7 days of no treatment has been described previously for both cocaine (Guan et al, 1985; Zahniser, 1987, 1989; Keller et al, 1992) and amphetamine (Antelman et al, 1980; Robinson et al, 1982; Vanderschuren et al, 1999) . However, the results of the present study emphasize that the ability of a single injection of cocaine to induce locomotor sensitization may depend not only on the dose of cocaine but also on the animal's acute behavioral response to the drug. In fact, a rat's initial locomotor response to 10 mg/kg cocaine predicts whether it will express behavioral sensitization after repeated cocaine treatment (Sabeti et al, 2003) . Our findings also indicate that, whereas there are robust individual differences in the acute response to cocaine (eg Sabeti et al, 2002) , the LCR/HCR classification is not stable over time. This is due, perhaps, to changes in contextual influences on behavior. Although it is not clear how these influences modulate the response to cocaine, they have been noted before. For example, LRs and HRs exhibit differences in lever-pressing and nose-poking behavior that are evident when cocaine is available, but not when saline or cue-only conditions are instituted (Marinelli and White, 2000; Piazza et al, 1990 Piazza et al, , 2000 .
While DA and the DAT likely play an important role in individual responses to cocaine, other possibilities exist. For example, LCRs and HCRs may differ in norepinephrine and serotonin systems. These systems are known to be critical for behavioral activation both before and after drug exposure (Feenstra et al, 2000; Uhl et al, 2002 ) and appear to be important for psychostimulant reward (Robinson and Berridge, 1993; Rocha et al, 1998; Sora et al, 2001 ) and behavioral sensitization (Xu et al, 2000; Walsh and Cunningham, 1997) . Variations in endogenous glucocorticoid and/or gonadal hormones may also influence the acute, locomotor response to cocaine in LCRs and HCRs. Adrenalectomy, which suppresses the effects of glucocorticoids such as corticosterone, attenuates cocaine selfadministration and its locomotor-stimulant properties (Marinelli et al, 1997a, b) , whereas administration of corticosterone enhances the locomotor and reinforcing properties of both cocaine and amphetamine (Piazza et al, 1991a; Deroche et al, 1992; Cador et al, 1993) . Removing the influence of gonadal hormones by castration in male rats also leads to a reduction in cocaine-induced locomotor behavior (Chin et al, 2002) . It will be important for future studies investigating mechanisms underlying LCR/HCR behavioral differences to address more of these potential explanations.
Cocaine activates a wide range of behaviors in rats, but there are significant individual differences in the degree to which they are altered. In outbred, male Sprague-Dawley rats, these differences are closely related to cocaine's ability to inhibit DAT function (Sabeti et al, 2002) . The results presented here rule out several potential explanations for the individual differences in cocaine-induced behavior and cocaine inhibition of DAT activity, suggest explanations involving DA and non-DA systems that remain to be explored, and emphasize the influence of a single cocaine exposure on subsequent behavioral responses to the drug. Ultimately, identifying the defining characteristics of LCRs and HCRs should increase our understanding of why individuals can differ so markedly in cocaine-induced behavioral activation.
